The spin structure and spin dynamics in the extended kagomé frustrated antiferromagnet 
I. INTRODUCTION
Magnetic frustration effects, which involve competing antiferromagnetic (AFM) interactions, can result in interesting spin configurations and unusual physical properties.
1,2 Examples of geometrical frustration include tetrahedral cluster pyrochlores and corner-sharing spin triangles in kagomé layers. 3, 4 Kagomé systems, with large ground state degeneracy, may form spin liquids at very low temperatures. A recently discovered class of frustrated spin systems is represented by mixed valence RBaCo 4 O 7 where R is a lanthanide or yttrium ion. [5] [6] [7] These frustrated systems contain kagomé (K) layers and interdigitated triangular (T) layers giving rise to an exchange topology with both strong interplanar and intraplanar interactions.
TmBaCo 4 O 7 show that the trigonal to orthorhombic transition involves oxygen displacements with tilting and distortion of the tetrahedra. 6, 12 Similar tetrahedral tilting is expected in YBaCo 4 O 7 . Three crystallographically distinct cobalt sites are present in the K layers in the orthorhombic structure. This feature is important in analyzing our 59 Co NMR results. It is interesting to note that in non-stoichiometric YBaCo 4 O 7.1 no symmetry lowering phase transformation occurs and the structure remains trigonal at low temperatures.
The present zero field (ZF) and low-field NMR experiments on YBaCo 4 O 7 , which complement neutron scattering, were undertaken to obtain details of the low temperature spin structure and to determine how spin order and spin dynamics evolve with temperature in this system. Our principal findings are that at low temperatures the majority of K spins are oriented in what can be described as a spin-flop configuration with respect to T spins and that as the temperature is raised spins in the K layers become dynamically disordered while those in the T layers preserve AFM order.
II. EXPERIMENTAL
Single crystals of YBaCo 4 O 7 were grown in a floating zone furnace at Argonne National Laboratory, and oriented using X-ray Laue diffraction. The 59 Co NMR measurements were made on both single crystal and crushed polycrystalline YBaCo 4 O 7 samples. A pulsed spin-echo NMR spectrometer was used to obtain ZF spectra and relaxation rates in ZF, together with field-perturbed spectra in low applied fields, over the temperature range 0.5 K to 40 K. A helium-3 refrigerator was used for measurements below 1.7 K. In ZF NMR signals are obtained only from nuclei that experience static hyperfine (HF) fields B HF on the NMR timescale (> 10 μs). The angle θ which the radiofrequency (RF) field B 1 = μ 0 H 1 makes with B HF determines the NMR signal amplitude. A ZF sample rotation experiment, which makes use of this NMR feature, can provide information on both the orientation of ordered spins − or more strictly that of B HF − and on the evolution of dynamical spin disorder with temperature. Rotation spectra patterns obtained in low applied fields can also provide information on the spin structure. The principles of these two sample rotation experiments are given in Section III below. Figure 1 shows a frequency-swept ZF spectrum, plotted as the integrated spin-echo area versus frequency, for the polycrystalline sample at 2.4 K. The widths Δf of the NMR lines are several MHz and measurements involve hole-burning with the RF bandwidth ~300 kHz. The spectrometer frequency was incremented in 0.5
MHz steps in recording spectra. The polycrystalline sample gives a response averaged over all HF orientations with respect to H 1 and provides spectral areas that can be reliably compared. The spectral peaks are identified in Fig. 1 with Co 2+ and Co 3+ ions, which can occupy both K and T sites, giving two sets of distinct features that allow novel experiments to be carried out. Details of how the assignments are made are given below.
anisotropy. Evidence for this, and for the magnitude of transferred HF contributions from neighboring Co ions, is provided by the relaxation rate results described below. The linewidths of the spectral components shown in Fig. 1 are comparatively large (Δf ~5 MHz) and this reflects the distribution of local hyperfine fields produced by neighboring S spins.
AFM systems with large hyperfine fields and well resolved spectral components allow a novel ZF single crystal rotation experiment to be carried out. For clarity the method will be discussed in relation to YBaCo 4 O 7 in which the spins, and therefore the HF fields, are, to a good approximation, confined to the ab crystal plane as shown by neutron diffraction. 8, 9 If the RF field B 1 =μ 0 H 1 , which is aligned parallel to the RF coil axis, is directed in the ab crystal plane and the crystal is rotated in discrete steps inside the coil, with rotation angle θ specifying the direction of B 1 measured from a chosen crystal direction, a rotation pattern is generated as shown below in Section IVA. The spin-echo signal depends sensitively on θ since in the two-pulse excitation sequence the transverse nuclear magnetization ⊥ M , which induces the echo signal in the RF coil, is
proportional to x 1 M B . Since M is parallel to B HF a maximum signal is obtained when B 1 and B HF are orthogonal (θ = π/2) and zero when B 1 is parallel to B HF (θ = 0). Details of the ZF rotation experiment and associated spectral analysis are given in Section IIIB.
B. Zero applied field rotation experiment
The strong dependence of ZF NMR signals on RF field orientation provides definitive information on B HF directions at 59 Co sites. The hyperfine field is, in general, directed close to anti-parallel to the spin vector for transition metal ions such as Co 3+ so that determination of B HF provides information on the spin orientation.
Elementary considerations predict that the echo signal should vary as sin α θ with α > 2 because of the way the factor sinθ occurs in the two-pulse process which induces a spin-echo signal in the RF coil. With a distribution of hyperfine fields the situation is complex. We have carried out a density matrix calculation using the Antiope package 13 in order to determine the response of the nuclear system to the two-pulse spin-echo sequence for a range of θ values. This simulation of the rotation experiment provides the form that should be used in fitting the RF field rotation pattern for a system with a B HF distribution and with variation in the effective B 1 . For B HF in the ab plane the following functional form for the echo signal S (θ) is obtained:
where φ is a phase angle, η sets the rotation zero and α ~ 1 allows for small departures in the RF pulse length from the π/2 condition at the NMR center frequency.
C. Rotation experiment in low applied fields
Information on the spin structure can also be obtained from rotation patterns obtained using relatively small 
IV. RESULTS AND DISCUSSION

A. Local hyperfine fields from zero field measurements
The spectral lines in Fig. 1 If it is assumed that the Co 3+ and Co 2+ ions are randomly distributed then we might expect that R ~ 3 will be reached for T < 1 K. However, spectra obtained at T = 500 mK were similar in form to those measured above 1 K and give a ratio R < 3. This result suggests two possible explanations.
Firstly, a fraction of the kagomé spins, estimated as 25 -30 % at 2 K, may remain dynamically disordered at low temperatures and therefore remain undetected in our measurements. Secondly, R < 3 may result from nonrandom occupation of the K and T sites by Co 3+ associated with some charge ordering of the Co ions. If the Co 3+ ions show a slight preference for the T sites (which implies that the Co 2+ ions preferentially occupy K sites) this could account for the observed ratio R < 3. It has been suggested that departures from a statistical distribution of the Co 2+ and Co 3+ ions between the K and T layers may occur in YBaCo 4 O 7 due to ion size effects. 9 However, analysis of neutron scattering results does not provide convincing evidence for significant charge ordering. 8, 9 While we cannot rule out the non-random ion distribution explanation for R < 3 the relaxation results described in Section IVC, specifically for nuclei associated with the 120 MHz spectral component, suggest that spin dynamical effects persist in the K layers at temperatures down to 0.5 K leading to a reduction in signal from nuclei in these layers. It is important to note that the observed decrease in R with increasing T supports the spectral identifications made in Fig. 1 . The decrease in the temperature-scaled amplitudes of the 90 and 120 MHz components with T, as shown in Fig. 2 , is attributed to very short transverse nuclear relaxation times (<10 μs) in some regions of the kagomé planes, due to S spin dynamics, rendering 59 Co spins in these regions unobservable in spin-echo experiments. order to fit the data, and specifically to account for the observation that the signal minima are nonzero, it is necessary to allow for the presence of domain structures as revealed by neutron scattering. 9 Allowance is made for six ferroelastic domains as weighted averages of φ = 0 and ± 2π/3, and for two-fold rotation about the aaxis. 9 The fit shows that a principal domain contributes ~70 % of the signal in our crystal. The remaining 30 % is made up of the other domains with some small flexibility in proportions. The dominant role of the principal domain is fortuitous and simplifies the analysis. In particular the major periodic features of the rotation pattern are due to the dominant role played by the principal domain.
The angular dependence in Fig. 3 shows that B HF for the 100 MHz spins in the T layers is orthogonal to B HF for both the 90 and 120 MHz K spins. The phase agreement of the 90 and 120 MHz rotation patterns is further evidence that the 120 MHz spectral components are associated with K spins at non-equivalent sites to those occupied by the 90 MHz spins. The inset in Fig. 3 gives the calculated rotation pattern for the 5K spin configuration from neutron diffraction 9 with the assumption that the B HF at 59 Co sites are aligned close to antiparallel to the associated S spin orientation as stated above. Allowance is made for six domains with domain fractions, for consistency, chosen the same as in the NMR fit. The neutron spin structure predictions are in excellent agreement with the NMR rotation pattern for the T spins but not for the K spins (see inset in Fig.3 ).
The NMR results show that the T spins lie close to or in the ab plane perpendicular to the primitive cell [110] direction while the static K spins lie roughly parallel to [110] . The disagreement in K spin orientations determined using neutron diffraction and those from the NMR hyperfine fields is not clear at present.
It is interesting to note that the 59 Co ZF NMR spectra for a non-stoichiometric single crystal of YBaCo 4 are planned.
B. Hyperfine field configurations from low applied field measurements
In-field rotation patterns, derived from field-induced splits of the spectral components for the YBaCo 4 O 7 single crystal, have been made to complement the ZF results. The RF field was directed along the c axis with the applied field B << B HF in the ab plane. Crystal orientations θ with respect to the applied field were measured from the [110] direction. Figure 4 shows representative spectra as a function of B for θ = 90 o . As can be seen the 100 MHz component, which is associated with the T spins, splits into two as described in Section IIIC for an AFM system in a field directed along the spin alignment direction for one sublattice. Note that the dominant lines are due to the principal domain with subsidiary components arising from the other domains.
These features were allowed for in fits to the rotation pattern spectra described below. The split Δf in the 100
MHz component exhibits a linear field dependence depicted in the inset in 
16, 17
The similar low-T relaxation behavior found at 90 MHz and 100 MHz, for K and T 59 Co nuclei respectively, implies dynamical coupling between the layers through transferred hyperfine fields. The 1/T 1 behavior of the 120 MHz components at temperatures below 4 K is clearly different to that of the other components. Figure 8(b) shows that the temperature range over which spin waves dominate in relaxation is rather limited. For AFM systems in which spin waves determine 1/T 1 the following expression applies for Raman two-magnon processes in 3D systems. 16, 17 ( ) ( ) 
C is a constant of order unity and In region II, (4 <T < 10 K) of Fig. 8(b) , the magnon scattering processes lose their effectiveness and the rates increase gradually with distinctly different behavior to that of region I. In region III, T > 10 K for the K spins, and T > 15 K for the T spins, the rates increase more rapidly with rising T pointing to significant changes in the spin-spin correlation function. 18 The magnetization M of our single crystal sample is shown versus T in a semilog plot in Over a wide range of temperature T 1 recovery curves have stretched exponential form exp[-(t/T 1 ) β ], with β ~ 0.5, due to a distribution of relaxation rates in this inhomogeneous system. 19 Some variation in spin dynamics across K planes is likely. The T 2 spin-echo decay curves also show stretched exponential form with a somewhat higher value for β ~ 0.7. It is instructive to note that the spin-echo amplitudes at t = 0, obtained from the fitted echo amplitude versus pulse spacing curves at each temperature, decrease in an unusual way with T as shown in the inset in Fig. 8 The inset shows model predictions based on the spin configuration from neutron diffraction. [9] While the NMR and neutron results agree for the triangle layers there are clear differences for the kagomé layers. Figure 9 
